In a recent outburst which lasted for 260 days, the black hole candidate GRO J1655-40 exhibited a behaviour similar to its last outburst are well fitted by the disk black body and the power-law components. In the hard state of the declining phase of the outburst, we found QPOs of decreasing frequency from 13.14 Hz to 0.034 Hz. The spectra of this state were fitted by a disk black body and power-law components, but in the initial few days a cooler
INTRODUCTION
The Galactic black hole candidates are the most fascinating objects to study in X-rays, as these sources undergo peculiar timing and spectral changes during their transient as well as the persistent phases. The soft X-ray transient GRO J1655-40 was first observed by BATSE on board CGRO on 27th July 1994 (Zhang et al. 1994 ). This source was extensively observed with RXTE during 1996 and 1997 and it showed a very complex timing and spectral behaviour and the source was X-ray active at least for 16 months. GRO J1655-40, an enigmatic Low Mass X-ray Binary (LMXB) system is located at (l, b) = (344.98
• , 2.45 • ) (Bailyn et. al. 1995) 
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D. Debnath, Sandip K. Chakrabarti, A. Nandi, and S. Mandal states, we carried out the timing analysis and find QPO frequencies. The Power Density Spectra (PDS) are quite different in different spectral states and sometimes the nature of the PDS is highly correlated with the spectral features. The justification of these four classifications will be presented later. In previous communications (Chakrabarti et al. 2005; Chakrabarti et al. 2008 ) the evolution of the QPO frequencies with time was shown in the initial and final outburst stage. The rapid variation in QPO frequencies was explained by using an oscillating and propagating shock.
Prior to our present analysis, Shaposnikov et. al. (2007) On the basis of their multi-wavelength campaign they classified the spectral states of the observed period in four spectral states, namely, low-hard, hard intermediate, soft intermediate, high-soft. After correlating X-ray and radio fluxes they concluded that the physical origins of the radio emission and the X-ray emission are not the same. The evidence of a closer coupling between the power-law component and QPO as also observed by Vignarca et. al. (2003) is totally consistent with the shock propagation model of Chakrabarti et al (2005 Chakrabarti et al ( , 2008 as the shock does not propagate in the disk as they mentioned, but through the sub-Keplerian flow which surrounds the disk (e.g., Chakrabarti & Titarchuk, 1995) .
Our study, on the other hand, covers 122 days of the observational data spreading over the full period of the outburst. On the basis of the results of RXTE data, we classified the total outburst in a slightly different way with four distinct spectral states.
Furthermore, we thoroughly studied the QPO behaviour. We got QPOs in a total of 67 observations out of a total of 150 observations. We also studied the photon count variation in different energy bands for different spectral states via hardness and softness intensity diagrams. We identify the energy band in which QPOs are predominantly seen.
We show spectral components and their flux variations. We claim that two components of the flow, namely, the Keplerian and the sub-Keplerian (halo) are necessary to explain
Spectral and Timing evolution of GRO J1655-40 during its outburst of 2005
5 the mass accretion dynamics. We theoretically estimate the disk and the halo rates from spectral fits of several observations.
In passing, we may mention that some other workers reported analysis of the outburst using Swift (Brocksopp et al. 2006 ) and XMM-Newton & INTEGRAL (Trigo et al. 2007 ).
The Suzaku data of the late phase of the outburst has been analyzed by Takahashi et al. (2008) who showed that two different Comptonizing electron clouds are required to explain the high energy spectra in the low/hard state. This agrees with our findings also (Chakrabarti et al. 2008 ). This will be illustrated in more detail in the present paper as well.
The paper is organized in the following way: In the next Section, we analyze the data and present the results of our analysis. This includes the timing analysis of ASM and PCA data and spectral analysis of PCA data. In Section 3, we present the brief interpretation of the overall results. Finally, in Section 4, we make concluding remarks.
Observation and Data Analysis

Analysis of ASM and Light Curves
We analyze publicly available observational data from the RXTE instruments of the 2005 outburst. Here, we present the results from the All Sky Monitor (ASM) and Proportional
Counter Array (PCA) covering the entire eight months of the outburst of GRO J1655-40.
Our analysis covers from the 25 th of February, 2005 (MJD = 53426) to 16 th of October,
(MJD = 53659
). The ASM data has four energy bands corresponding to 2 − 3 keV, 3 − 5 keV, 5 − 12 keV and 2 − 12 keV. PCA contains five proportional counter units (PCUs 0-4). We used only PCU 2 data for both the timing and spectral analysis due to its reliability and it is on for 100% of the goodtime. Data reduction and analysis were carried out with the FTOOLS version of HEADAS-6.1.1 software and XSPEC version 12.3.0. We have extracted and analyzed the ASM (Levine et al. 1998) This leads us to conduct a robust spectral analysis using the PCA data and the results are presented below. Jahoda et al., 1996) . We extract light curves (LC), PDS (with 0.01s binning of PCA data from 3 − 25keV) and the energy spectra from the good and the best- Debnath, Sandip K. Chakrabarti, A. Nandi, and S. Mandal files, we use the "pcarsp" task. For the rebinning of the pha files created by the "saextrct" task, we use the "rbnpha" task.
In Fig. 2 we plotted the PCA 3-20 keV count rate of the 2005 outburst against Xray color (ASM count ratio between 6-20 keV and 3-6 keV energy bands). It is evident that the pre and post-outburst phases tend to appear and disappear from the low count region having harder spectrum. In GRO J1655-40 outburst, the transition occurs from 
Timing Analysis
We carried out the detailed timing analysis of the total 122 days data of 150 observational IDs. We used the PCU2 data from the Event mode (E 125us 64M 0 1s) and Science
Array mode (B 8ms 16A 0 35 H) data for the timing analysis. Our timing analysis is mainly to study the light curves with hardness and softness variation and the PDS of each data. Out of these observations, we find QPOs in a total of 67 observations made in 43 days. A summary of the results are presented in Table 1 . Here, we list the observing date and time and the PCA count rates (photon counts/sec) for PCU2 in 3 different energy bands, E1: 2 − 3.5 keV (0 − 7 channels), E2: 3.5 − 10.5 keV (8 − 24 channels) and E3: 10 D. Debnath, Sandip K. Chakrabarti, A. Nandi, and S. Mandal 10.5 − 60 keV (25 − 138 channels). We also list two hardness ratios (E2/E1 and E2/E3) and the observed QPO frequencies (in Hz).
Light curves with hardness and softness diagrams
We extracted 2 -15 keV (0-35 Channels) PCA light curve with a time bin of 1 sec. To have the qualitative analysis of photon count variations in different energy bands, we plotted both the hardness and softness ratio variations. To plot the hardness and the softness ratios, we extracted light curves for three energy bands: A : 0 − 8 channels (2 − 4 keV), B : 9 − 35 channels (4 − 15 keV) and C : 36 − 138 channels (15 − 60 keV). A hardness diagram is the plot between C/A vs. B/A while the softness diagram is the plot between B/C vs. A/C. Our motivation of splitting the energies in this way stems from the fact that the Keplerian disk primarily emits at a low energy ( In Fig. 3d Table 2 , we present a summary of the results where we put the centroid frequency (ν) of the QPO, its width (∆ν) (both in Hz), the coherence parameter Q (= ν/∆ν). The RMS amplitudes R of the fitted QPOs are also included which were calculated from R = 100(P W π/ < φ >) 1/2 , where, P , W and φ are the power, half-width (∆ν/2) of the Lorentzian fitted QPO and the mean count rate of the source respectively. If Q > 2, it is considered to be a strong QPO, otherwise it is not strong and look more like a bump on the PDS. Since we are interested only in the QPO properties, namely, the frequencies associated with the QPO, bump and the break, only these are included in the Table and not the power-law features which may been used for the best fit. Since fitting the total PDS is not our goal, an F-test is not needed to check whether the extra model components are required or not.
In The rising and the declining phases of the outburst showed a very exciting feature.
The QPO frequency increased monotonically in the rising phase, while it is decreased monotonically in the declining phase. In dd/mm) increases. The observation IDs and the QPO frequencies are also shown in the inset. In Chakrabarti et al. 2005 , the trend of the rising phase has been discussed. In Fig. 7 , we present the PDS variation in the intermediate state.
In the inset we mark frequency at which the bump is formed in case QPO frequency was unavailable. The variation of these frequencies seem to be a bit arbitrary. On the other hand, the variation of PDS in the declining phase ( Fig. 8) shows monotonically decreasing QPO frequency.
We discuss the implication of these interesting observations in the next Section. shows that the QPO at 6.522Hz is exhibited only by hard photons (4 − 25 keV).
Spectral Analysis
For the spectral analysis we mainly used 3 -25 keV "Standard 2" mode data from RXTE Proportional Counter Unit 2 (PCU2). In general, black hole energy spectra (2-25 keV) are modeled with 'diskbb' and 'power-law' components, though some times best fit could be obtained when a Gaussian around 6.5keV (Iron-line) was used. The results of the 150 PCA observations of 123 days are listed in Table 3 . Here, we listed the components required for spectral fits, i.e., the disk black body Temperature T in in keV (Col. 2), normalization factor for black body fit (Col. 3), power-law photon index Γ (Col. 4), power-law normalization (Col. 5), disk black body flux in 3 -10 keV (Col. 6), the powerlaw flux in 10 -25 keV (Col. 7), the total flux in 3 -25 keV (Col. 8) and the reduced χ (MJD = 53659). We kept the hydrogen column density (N H ) fixed at 7.5× 10 21 atoms cm −2 and the systematics at 0.01.
Daily variations of the fitted parameters presented in Table 3 are plotted in Fig observed only in certain days of the intermediate state. It may be noted that Γ obtained right in the middle of the soft/very soft state is unphysically high (> 4). We believe that this is due very poor statistics (e.g., only one good PCU of RXTE was working and photon energy was > 20keV) rather than any unusual absorbtion at high energies. We find that other workers (Saito et al. 2006 ) also reported a high photon index for these observations. We have already discussed the daily variation of the spectral index and flux com- Table 4 . We chose the combination of the components for which the F-test probability is lowest (see, Col. 6).
Insets show the average χ QPO assumes the motion of a perturbation or blob at the inner edge of a Keplerian disk (e.g., Trudolyubov et al. 1999) it is difficult to imagine how a perturbation would sustain itself against shear and dissipation for more than a few orbits, let alone more than two weeks which we observe here. Because of this, we prefer the oscillating shock solution inside a sub-Keplerian disk which has been demonstrated to have a stable oscillation for many dynamical time scale (Molteni, Sponholz & Chakrabarti 1996; Ryu, Chakrabarti & Molteni, 1997; Chakrabarti & Manickam, 2000; Chakrabarti, Acharyya & Molteni, 2004) .
Brief interpretation of the Results
It is easy to verify that the QPO frequencies (which are inverses of the infall times from the post-shock flow to the black hole) in the infalling phase are simply related, as though the shock itself is drifting towards the black hole at a slow pace of ∼ 20m/s (Chakrabarti et al. 2005 ). In the decline phase, in the same way, the shock was found to recede, at first very slowly (as though there was still some significant infalling matter) for about three days, and then at an almost constant acceleration (Chakrabarti et al., 2008) .
During the rising phase of more than two weeks, the disk got sufficient time to transport angular momentum and a dominant Keplerian disk is formed which made the flow soft or very soft. The rapid rise of the black body flux after the QPO disappears and almost total absence of the hard photons testify to the rushing in of the Keplerian disk towards the inner edge (Chakrabarti & Titarchuk, 1995; Ebisawa et al. 1996) . If we take the two component advective flow (TCAF) model one step further and actually fit the spectra of a few days spreaded during the outburst we observe, using the same procedure that was followed in Chakrabarti & Mandal (2006) , we can obtain the accretions rates of matter in the Keplerian disk and the sub-Keplerian halo. Table 5 gives the rates in units of Eddington rate on various days. It is clear that the Keplerian disk rate steady increases from the beginning while the halo rate changes in a shorter time scale. At the beginning, the halo rate was higher than the disk rate, but in the rest of the time, until the very end the disk rate always dominates. In the soft and the very soft states, the disk rate required to fit the spectra can be high reaching to about two Eddington 26 D. Debnath, Sandip K. Chakrabarti, A. Nandi, and S. Mandal rates. The hardness/softness diagrams also give an idea of how the accretion rates in the Keplerian and sub-Keplerian components could be changed on a daily basis. After the very soft state is passed, the viscous processes became weaker and inflowing matter which continues to accrete sporadically becomes dominant. The count rate rapidly fell from tens of thousands to a few hundreds. QPOs started appearing only sporadically in this state. The general trend of the declining inflow rate together with the lowering of viscosity ensured the sucking in of the Keplerian matter. In the hard state of the declining phase, the sub-Keplerian component became comparable to the Keplerian rate giving rise to a strong power-law flux and QPOs.
In the literature, there are reports of other sources which exhibited similar outbursts.
For XTE J1550-564, a similar interpretation with TCAF and shock waves was found to be very successful (Soria et al. 2001 , Wu et al. 2002 , Chakrabarti, Datta & Pal 2009 ).
The spectral state transitions in outburst sources appear to be fundamentally different from those in a persistent source (such as Cyg X-1). In the latter case, the total flux could be almost constant even during the state transitions (Zhang et al. 1996) where the Keplerian and the sub-Keplerian rates could be redistributed during the state transition and as a result the total flux could be almost constant. In outburst sources, on the other hand, the approaching and receding Keplerian component in the rising and decline phases causes the net flux to rise and fall during the hard to soft and intermediate to hard state respectively.
Concluding Remarks
In this paper, we presented a comprehensive analysis of the entire 2005 outburst of GRO 
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Our observation of the smooth variation of the QPO frequency during the rising and the decline phases indicates that whatever be the reason for QPO, it has to survive for weeks.
It is difficult to imagine that disk perturbation with blobs be sustained for such a long time without being sheared and dissipated. On the other hand, shock oscillations have been shown to survive for a long period and the PDS calculated from observations also resembles the observed PDS. QPO frequencies at the rising and decline phases have been shown separately (Chakrabarti et al. 2005 (Chakrabarti et al. , 2008 (Chakrabarti et al. , 2009 ) to be simply related as though an oscillating shock is drifting in at the rising phase and drifting out at the decline phase.
We therefore favour the shock oscillation solution of the low and intermediate frequency
QPOs. Recently (Titarchuk, Shaposnikov & Arefiev, 2007) have pointed out that the presence of bumps in the PDS of Cyg X-1 is the signature of a sub-Keplerian flow in the accretion disk. We have also observed similar bumps on days which have significant halo component (see, Fig. 4c and Table 5 ). Thus we believe that the general picture which emerged out of our analysis is consistent with a two component advective flow as has been pointed out by many authors in the context of several black holes (Smith, Heindl, Markwardt & Swank, 2001; Smith, Heindl & Swank, 2002; Smith, Dawson & Swank, 2007) . The TCAF model is further supported by a clear indication of a jump in total flux at the state transitions (hard to soft and intermediate to hard) in this source. This we believe is due to the approaching and receding Keplerian component in the rising and declining phases. This is in contrast with persistence X-ray sources, such as Cyg X-1, where the total flux remains constant. Table 4 F-test results for the 5 set of spectra of Fig.11 Obs 
